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Abstract Partial defoliation of spruce by the green spruce
aphid Elatobium abietinum (Walker) is a recurrent event in
European and, increasingly, North American forests. The
patterns of insect abundance on trees have never been
satisfactorily described by a numerical model despite
considerable knowledge of endogenous and exogenous
factors in the population dynamics of the species. Long-
term field population estimates of the aphid on foliage
provided the opportunity to evaluate such a model. Unlike
comparable models for tree-dwelling aphids, this was also
applicable to almost completely independent aphid field
data derived from the Rothamsted Insect Survey’s nation-
wide network of suction traps. Although based on rela-
tively few parameters, the model was robust in its
predictions of alate aphids geographically remote from the
forest in which the original population was estimated. The
population maximum, which causes the greatest forest
damage, is reached in early summer and can be predicted
from knowledge of winter temperature (chill bouts), spring
temperature (thermal sum), and interannual negative
feedback (density dependence). The model provides con-
firmation that alate populations of spruce aphids, upon
which a number of other extensive studies have been based,
are ultimately influenced by similar endogenous and
climatic factors and that they are a reasonable proxy for
aphids on trees.
Keywords Climate  Defoliator  Elatobium abietinum 
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Introduction
Analyses of population time series for tree-dwelling aphids
provide consistent evidence for the interplay between
endogenous density-dependent feedback and exogenous
disturbing factors, particularly the perturbing influence of
weather, in determining fluctuations in aphid abundance
(Kidd 1990a–c; Dixon 1998, 2005; Dixon and Kindlmann
1998; Jarosˇı´k and Dixon 1999). However, the ability of the
resulting population models to describe independent pop-
ulation data sets has rarely been tested yet is critical if
such models are to be used confidently in the integrated
management of pests or in projecting the long-term con-
sequences of climate change.
The green spruce aphid, Elatobium abietinum (Walker),
is a forest defoliator for which no model of interannual
abundance on trees exists. Many studies indicate that the
large aphid population densities reached on Sitka spruce
[Picea sitchensis (Bong.) Carr.] in some years have a
detrimental effect on the growth of trees (Day and
McClean 1991; Straw et al. 2000, 2002, 2005; Halldo´rsson
et al. 2003). The population density of aphids and hence the
frequency and intensity of damage is expected to be
amplified in the future by climate change (Straw 1995).
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A secondary effect of increased defoliation is that needle
leaves contribute to the fine fuels in forests that can
exacerbate fire risk in susceptible areas (Lynch 2004;
Parker et al. 2006). Furthermore, there is now evidence that
aphid damage is generating a shift in community structure
in natural forest stands in the USA (Koprowski et al. 2005).
All of these observations point to the need to understand
the population dynamics of the aphid and to be able to
highlight conditions that result in severe defoliation events.
Aphids occupy a special place in population ecology
because their telescoped generations and capacity for
migration allow them to exploit networks of ephemeral
habitats (Dixon 1998). In contrast, aphids that live solely
on trees experience relatively high habitat stability in that
many uninterrupted generations of aphids can persist on
even a single long-lived host tree. This is particularly true
for E. abietinum, which is anholocyclic in northwestern
Europe, and therefore continues to reproduce on its needle
leaf habitat throughout the winter (Day et al. 1998).
Whereas this provides an important opportunity for the
aphid to capitalize on high sap nutrient levels during bud
dormancy, it also makes them vulnerable to winter freez-
ing. Not surprisingly, spruce aphid ‘‘outbreaks’’ have been
linked to mild winters (Bejer-Peterson 1962), something
that may become increasingly familiar in regions inhabited
by E. abietinum and its most susceptible host species.
The association of the behavior of population time series
with large-scale climate fluctuations has been a fertile field
in recent years, stimulated by the likely progression of
global warming. Links have been made between insect
populations and teleconnection patterns (e.g., Conrad et al.
2003), but we generally lack process-based models of cli-
matic forcing on aphid population dynamics (Bjørnstad and
Grenfell 2001).
Long-term time series of aerial aphids sampled with
suction traps are available from the Rothamsted Insect
Survey (RIS) (Taylor 1986; Harrington and Woiwod 2007).
A pulse of winged migrant (alate) green spruce aphids is
liberated in early summer (Fisher and Dixon 1986), and
suction-trap catches at this time provide an index of pop-
ulation abundance that is generally assumed to be at least
in part determined by aphid abundance on forest trees in
the region where trapping has taken place. These data have
been included in a number of previous population analyses
(Woiwod and Hanski 1992; Hanski and Woiwod 1993;
Zhou et al. 1997).
Three recent studies of E. abietinum abundance have
employed 40 years of RIS suction-trap data across the UK
in determining the influence of the North Atlantic Oscil-
lation (NAO), latitudinal gradients in climatic effects
driving spruce aphid populations, and their spatial syn-
chrony (Saldana et al. 2007; Westgarth-Smith et al. 2007;
Lima et al. 2008). Whereas the surrogacy of samples of
alate aphids for populations on host plants is implicit in
these studies, there is no calibrated link between the two.
For example, the proportion of the aphid population on
trees entering the alate developmental pathway is variable
between years and regions (Day 1984) and occurs during a
brief part of the year (Fisher and Dixon 1986). For these
reasons, aerially trapped aphids and those found on trees
are not expected to be strongly correlated.
High-quality, long-term data are essential for analysis of
causes of population fluctuations, particularly where diag-
nosis of the effects of teleconnection patterns or local
weather is an objective (Westgarth-Smith et al. 2007; Lima
et al. 2008). Reliable population time series for E. abieti-
num, sampled on host trees, have been reported (Day 1984,
1986; Day and Crute 1990), although an explicit model
based on these data has not yet been developed. The data
are appropriate for further analysis because the replication
of samples within and among trees gives low census error
terms, which can otherwise be a problem in determining
the contribution of density dependence to time series
(Freckleton et al. 2006). More importantly, this sampling
protocol provided defensible estimates of absolute aphid
abundance relative to their food resources (aphids/100
needles).
Our aim was to find the best model to explain year-to-
year variation in E. abietinum peak abundance. We asked
whether a general discrete model with inherent simplicity
can adequately describe not only the aphid population time
series obtained directly from forest trees but also the longer
RIS time series based only on migratory aphids. We
hypothesized that there is negative feedback on aphid
abundance (Day et al. 2004) and sought to combine this
endogenous force with exogenous climatic effects in a
single model with broad explanatory value. We were able
to evaluate the generality of the model by testing its pre-
dictions against an independent time series of spruce aphid
population abundance.
Methods
Aphid population data
An aphid population time series was derived from esti-
mates of aphid abundance on spruce needles at Clare
Forest, Co. Antrim, Northern Ireland (6190W, 55120N).
Aphids were studied on 15 trees over a period of 10 years
(1981–1990). Population estimates were expressed as mean
total aphids/100 needle leaves/sample shoot (Fig. 1). The
seasonal growth and decline in numbers resulted in a peak
of abundance at the end of May (Day 1984, 1986; Day
et al. 2004), and a single sample date each year provided
a good representation of year-to-year fluctuations in
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abundance (Day and Crute 1990). The peak is reliably
predicted as, despite differences in flushing dates between
different host trees, green spruce aphid populations peak on
the same date (Straw and Green 2001).
Data were also obtained from the RIS network of suction
traps (Taylor 1986; Harrington and Woiwod 2007). A time
series of alate aphid numbers was selected from the data-
base of 16 available trap sites in Great Britain. Each year at
the selected site could be represented by a single index of
aphid abundance, which was the number of aphids trapped
in the week with the maximum abundance during the sea-
son. Criteria for choice of trap were geographical repre-
sentation and runs of data for E. abietinum of 20 years or
more. East Craigs, Edinburgh, Scotland (3180W, 55570N)
(1969–2003), was chosen as the site with the closest match
to Northern Ireland on the basis of its latitude and its
position due east of prevailing westerly winds whose run
would cover Scottish spruce forests. We decided not to
include further RIS sites because Saldana et al. (2007) have
recently studied the spatial synchrony of suction-trapped
spruce aphids at 15 of the Rothamsted sites.
Meterological data
The Meteorological Office station most indicative of the
origin of aphids trapped at the RIS site at East Craigs
(Leuchars 2530W, 56220N) provided data for mean daily
air temperature and rainfall. The University of Ulster
weather station provided data that were an appropriate
descriptor for conditions at Clare Forest.
Climate variables
The selection of climate metrics for use in analyses was
based on their known relationship to aphid population
processes.
Phys
Physiological time (Campbell et al. 1974) or thermal time
accumulated from 1 January to 30 April (approximate date
of tree budburst). The highest levels of sap nutrients are
available for aphids prior to budburst (Fisher and Dixon
1986), and the ability of aphids to capitalize through
growth and reproduction is temperature dependent (Day
et al. 2004). The threshold for aphid development is
approximately 4C (Crute and Day 1990) so phys is a
function that accumulates aphid developmental time above
4C during the period that the tree host is most favorable
(Day 1984; Day and Crute 1990). Units are degree days.
Freez
Accumulated day degrees below -7C between 1 October
and 30 April. Even when they can supercool to avoid
freezing, the aphids are susceptible to subzero tempera-
tures, particularly while feeding (Powell 1974), and sig-
nificant mortality in the coldest winters has been reported
(Bejer-Peterson 1962; Carter 1972). The rate of mortality is
subject to a range of factors, which include temperature
and time that this is experienced. Frequent minimum
temperatures of \-7C are usually associated with wide-
spread aphid mortality (Powell and Parry 1976). Aphids
that are attached to the host plant with their stylet mouth-
parts will freeze when ice forms in the sap of needles
(Powell 1974). The metric freez captures and accumulates
the depth of winter frosts to which aphids are most sus-
ceptible, given their propensity for supercooling and
acclimatization.
Coma
Number of chill days (daily mean temperature 2-5C)
throughout the previous winter (1 October to budburst).
This variable is associated with the observation that aphid
numbers decline if they experience continuous temperature
below their developmental threshold, even though freezing
may not be a cause of death. Powell and Parry (1976)
attributed this to chill coma or starvation, and whereas the
proximal cause of death may be uncertain (Dixon 1998),
prefreeze mortality is also known to be important in other
aphids (Bale et al. 1988).
Rain
The sum of daily rainfall (mm) between 1 April and 31
May. Aphids living on the surface of needle leaves are
vulnerable to heavy rainfall, which may dislodge them. As
there is increased centrifugal movement of aphids on the
host plant as population density increases (Day 1986), the
1982 1983 1984 1985 1986 1987 1988 1989 1990
1
10
100
M
ea
n 
ap
hi
d 
de
ns
ity
 (1
00
 ne
ed
les
-
1 )
Fig. 1 Population time series for Elatobium abietinum at Clare
Forest, Northern Ireland. Mean aphid population density (100 nee-
dles-1) (n = 90 samples) ± standard error (SE) at the annual peak
population (May/June) each year
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period leading up to the population peak is particularly
important. This also includes the period during which alate
aphids are produced (Fisher and Dixon 1986), and rainfall
will certainly inhibit aphid flight and hence their inter-
ception by suction traps. Other aphid populations are
known to be affected directly by spring rainfall (Dixon
1998).
Initially, we also considered two other climatic metrics
related to coma: (1) number of periods of 5 consecutive
chill days (daily mean temperature2-5C) throughout the
previous winter (1 October to budburst); and (2) number of
overlapping 5-day periods of chill days. Both were highly
correlated with coma (r [ 0.88 for Clare and r [ 0.82 East
Craigs) and conceptually redundant, so were dropped from
analyses. Similarly, we considered one other climatic
metric related to freez: the number of days between
1 October and 30 April with minimum temperature of
B-7C. This was well correlated with freez (r [ 0.86 for
Clare and East Craigs) and therefore dropped from further
analysis.
Modelling
We employed a general discrete model of population
dynamics (e.g., Turchin and Taylor 1992) where interan-
nual per capita growth rate = Rt = ln(Nt/Nt-1); and
Nt = Nt-1 9 e
R (with Nt = aphid abundance in late spring
of year t). We hypothesized that there would be negative
feedback (density-dependence) on aphid abundance, i.e.,
Rt = f(Nt) ? et, with e representing sampling error in
density estimates plus exogenous (density-independent)
effects on aphid population dynamics. Thus, we evaluated
alternative models for climatic effects on aphid populations
by examining relations between e and specific climatic
parameters. Alternative models for climatic effects were
compared with respect to three criteria: (1) the pattern with
respect to climate should be consistent with theoretical
expectations (e.g., extreme winter cold is expected to yield
lower per capita growth rates); (2) a model that includes
one or more climatic drivers should be defensibly favored
over simpler alternative models based upon information
theory [Akaike information criterion with a second order of
correction (AICc)] (Anderson 2008); (3) and we favored
models in which the regression coefficients that were
retained were statistically distinguishable from 0. Our
rationale for the latter criterion was that most of the sta-
tistical null hypotheses were nontrivial (e.g., spring rain
might or might not matter to aphid populations). We began
analyses with the shoot-based aphid abundance data from
Clare, identified the best models for the Clare data, tested
those models against the independent time series data on
aerial abundance from the East Craigs suction trap, and
then sought a single model that could be reasonably applied
to both populations.
Results
The correlation structure among demographic and climatic
variables was very similar at Clare and East Craigs
(Table 1). Most notably, coma was positively correlated
with freez (r * 0.56 East Craigs; r * 0.57 Clare) and
negatively correlated with phys (r \ -0.65 East Craigs;
r * -0.79 Clare). Interannual climatic patterns were
Table 1 Correlations among
demographic variables (lnN and
R) and climatic variables (Phys,
freez, coma, and rain)
Upper matrix is for Clare Forest,
Northern Ireland (10 years) and
lower is for East Craigs,
Edinburgh, Scotland (37 years)
* P \ 0.05
** P \ 0.01
*** P \ 0.001
Mean ± SD Pearson correlation coefficients
lnN R eMod2 Phys Freez Coma
lnN 3.20 ± 0.68 1
R 0.121 ± 1.023 0.78* 1
eMod2 0 ± 0.639 0 0.62 1
Phys 311 ± 72 0.12 0.38 0.76* 1
Freez 3.8 ± 6.1 -0.52 0.17 -0.39 -0.31 1
Coma 8.8 ± 3.9 -0.06 -0.43 -0.76* -0.79** 0.57 1
Rain 113 ± 51 -0.26 -0.28 0.77* -0.23 0.28 0.28
lnN 3.86 ± 1.58 1
R 0.061 ± 2.289 -0.76*** 1
eMod2 0 ± 1.488 0 0.65 1
Phys 221 ± 63 0.3 0.18 0.62 1
Freez 3.2 ± 6.2 -0.1 -0.24 -0.48 -0.33* 1
Coma 10.6 ± 4.6 -0.2 -0.25 -0.62 -0.65*** 0.56*** 1
Rain 92 ± 38 -0.01 0.00 -0.01 0.13 -0.06 -0.16
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strongly correlated between the two sites for phys and freez
(r = 0.94 and 0.88, respectively), modestly correlated for
coma (r = 0.62), and weakly correlated for rain (r = 0.24)
(n = 10 years of overlap).
Density dependence
There was a clear signal of density dependence at Clare
(Fig. 2, upper), with R = 3.87(±1.16) - 1.17(±0.35) 9
lnN, giving an equilibrium abundance of 27 aphids/100
needles. There was no signal of delayed density depen-
dence: AIC = 8.71 for R = f(Nt, Nt-1) versus AIC = 1.71
for R = f(Nt) (n = 8, k = number of parameters = 4 and
3, respectively). The pattern of density dependence
was very similar at East Craigs (Fig. 2, lower), with
R = 4.30(±0.66) - 1.10(±0.16) 9 lnN, giving an equi-
librium abundance of 47 aphid captures (maximum catch in
a week) per year. Again there was no evidence for delayed
density dependence: AIC = 30.63 for R = f(Nt, Nt-1)
versus 28.14 for R = f(Nt) (n = 36, k = 3 and 4). The
interannual variances in ln(N), R, and the residuals of
R = f(Nt) were markedly higher (4.9 - 5.49) for the
suction-trap data from East Craigs than for the shoot
samples from Clare (Fig. 2, Table 1).
Exogenous climatic effects on the forest population
At Clare, there was evidence for exogenous climatic effects
from the number of chilling bouts per winter (coma),
physiological time accumulated before budburst (phys),
and rainfall (rain). Per capita population growth rate (after
accounting for density dependence) was negative in win-
ters with the most chilling bouts (primarily 1985 and 1986),
tended to increase with increasing physiological time
before budburst, and was most negative in the 2 years with
the greatest rainfall in late spring (especially 1986) (Fig. 3;
models 4, 5, and 6 in Table 2). In all three cases, the
direction of effects was consistent with our a priori theo-
retical model for spruce aphids, and the coefficient for the
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Fig. 2 Per capita growth rate of Elatobium abietinum from year t to
year t ? 1 (in late spring) as a function of abundance in year t
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Fig. 3 For Clare Forest, Northern Ireland, per capita growth rate of
Elatobium abietinum (after removing the density-dependent pattern)
as a function of coma (upper), phys (middle), and rain (lower)
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term was statistically different from 0 in the regression
model (P \ 0.05). The pattern with respect to coma
appeared to be nonlinear, which seemed theoretically rea-
sonable, so we favored a model with a curvature coefficient
[comab; sum of squares of error (SSE) minimized with
b & 4; model 4a in Table 2). There was no signal of
demographic effects from the accumulated degree days
below -7C (freez); there were only 2 years when freez
exceeded 3, and during the year that included the most
extreme winter (freez = 17days in winter of 1981–1982),
population growth was still greater than expected based
on initial abundance (residual in Fig. 2 = 0.22 aphids 9
aphid-1 9 year-1). This left us with three competing
models that each included one climatic variable (models 2,
3, and 4a in Table 2). Consideration of models that inclu-
ded two climatic variables revealed that combining phys
and rain allowed an almost perfect fit to the data (model 7
in Table 2), and both terms were statistically significant in
the regression model at P \ 0.001. There was no support
for combining coma with phys (model 8), at least partly
because they were themselves correlated (Table 1). Nor
was there support for a model with both coma and rain
(model 9).
Incorporating the aerial aphid population
The suction-trap abundance data from East Craigs showed
climatic patterns that were generally similar to those in the
shoot-sampling data from Clare. Again, per capita growth
after adjusting for log-linear density dependence (e) was
negatively related to coma and positively related to phys.
However, the longer time series from East Craigs provided
additional information. Patterns with respect to spring rain
were completely absent at East Craigs (note generally high
AICs in models 6, 7, and 9 in Table 3; and in no cases were
the regression coefficients for rain significantly different
from 0). Given this, we concluded that the apparent pattern
at Clare was a spurious result driven by 2 years that only
coincidentally had high rain and low aphid growth (Fig. 3,
lower). At East Craigs, unlike at Clare, there was some
evidence for the predicted negative relationship between e
and freez (model 3, Table 3). However, the pattern was less
strong than with coma, with which it was correlated
(Table 1), so we continued to favor models that included
coma and excluded freez. At East Craigs, unlike at Clare,
there was no support for a nonlinear effect of coma on e;
the best-fit nonlinear model (obtained with b = 1.6) had a
larger AIC than the linear model (AIC = 22.49 vs. 19.11).
Furthermore, reexamination of the Clare data showed that
although the nonlinear model provided better fit in terms of
SSE and r2, there was little justification for the added
parameter, b (AIC = 0.30 vs. 1.04, Table 2). Therefore, it
seemed parsimonious to favor a linear effect of coma for
both populations. The East Craigs data provided strongest
support for a model that included both coma and phys, and
excluded freez and rain (AIC minimized in model 8 in
Table 3).
Table 2 Comparison of alternative models to explain interannual
variation in the abundance of Elatobium abietinum in the Clare
Forest, Northern Ireland
SSE k MSE0.5 AICc r2 Model components
Model 1 8.369 2 1.02 5.35 Mean R only
Model 2 3.277 3 0.68 1.71 0.61 ln(N)
Model 3 2.609 4 0.66 6.86 0.69 ln(N), freez
Model 4 1.367 4 0.48 1.04 0.84 ln(N), coma
Model 4a 0.332 5 0.26 0.30 0.96 ln(N), coma-
nonlinear (b = 4)
Model 5 1.337 4 0.47 0.84 0.84 ln(N), phys
Model 6 1.177 4 0.44 -0.31 0.86 ln(N), rain
Model 7a 0.094 5 0.14 -11.06 0.99 ln(N), phys, rain
Model 8 0.326 6 0.29 24.14 0.96 ln(N), coma-
nonlinear, phys
Model 9 0.221 6 0.24 20.64 0.97 ln(N), coma-
nonlinear, rain
Model 2 is density dependence only
Models 3–6 each included density dependence plus one of the four
hypothetically important exogenous effects
Models 7–9 considered density dependence plus pairs of exogenous
effects
SSE sum of squares of error, MSE square error, AICc Akaike infor-
mation criterion with a second order of correction
N = 9 years. See Fig. 3
a Based on this time series alone, model 7 emerged as the best model,
but there was also support for model 4a
Table 3 Comparison of alternative models to explain interannual
variation in the abundance of Elatobium abietinum at East Craigs,
Scotland
SSE k MSE0.5 AICc r2 Model components
Model 1 188.61 2 2.29 64.62 Mean R only
Model 2 79.76 3 1.51 35.15 0.58 ln(N)
Model 3 61.01 4 1.34 27.75 0.68 ln(N), freez
Model 4 48.30 4 1.19 19.11 0.73 ln(N), coma
Model 4a 49.21 5 1.22 22.49 0.74 ln(N), coma-nonlinear
(b = 1.6)
Model 5 45.77 4 1.16 17.12 0.76 ln(N), phys
Model 6 79.76 4 1.53 37.67 0.58 ln(N), rain
Model 7 44.94 5 1.17 19.13 0.76 ln(N), phys, rain
Model 8a 39.52 5 1.09 14.37 0.79 ln(N), coma, phys
Model 9 47.33 5 1.20 21.05 0.75 ln(N), coma, rain
a Model 8 received the strongest support from this time series.
n = 37 years. See Figs. 4 and 5
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R ¼ 3:99 1:30ð Þ  1:29 0:12ð Þ  ln Nð Þ
 0:12 0:05ð Þ  coma þ 0:010 0:004ð Þ  phys
ð1Þ
Equation 1 provided a satisfying fit to the East Craigs
data with respect to visual inspection of univariate
relations with R, examination of residuals, and overall
temporal patterns in R and N (Fig. 4). This same general
model, with parameters fit to the Clare data, also
provided a credible visual and statistical fit with
similar coefficients (Eq. 2, SSE = 1.127, r2 = 0.87),
although this model could not be supported based on
the Clare data alone because the coefficient for neither
coma nor phys was statistically significant, and the AIC
(k = 5, AIC = 11.30) did not compete well with
alternative models (Table 2).
R ¼ 3:48 1:82ð Þ  1:24 0:24ð Þ  ln Nð Þ
 0:07 0:07ð Þ  coma þ 0:003 0:003ð Þ  phys
ð2Þ
A model with general applicability
To further evaluate whether the same general model could
be reasonably applied to both populations of E. abietinum,
we standardized data for both sites to remove differences in
the mean and variance of annual abundance estimates that
were attributable to the different sampling protocols (needle
leaf samples at Clare versus suction samples of alates at
East Craigs). Because the Clare measurements were in units
of absolute abundance with respect to their host plants, we
chose to retain this scaling and adjusted the annual abun-
dance estimates from East Craigs to have the same mean
and standard deviation as the Clare data. We then calculated
the corresponding Rts for East Craigs, estimated parameters
for the aggregated data set (n = 9 ? 37 estimates of
interannual per capita growth rate) with respect to lnN,
coma, and phys (matching the model in Eqs. 1 and 2), and
evaluated the congruence of dynamics in the two popula-
tions. A single density-dependent function provided a sat-
isfying fit to the aggregated data (Fig. 5, upper):
Rt = 3.69(±0.48) - 1.10(±0.14) 9 lnN (r
2 = 0.58). The
populations also showed the same relationship with coma
(Fig. 5, 2nd panel), even though the annual number of chill
periods was frequently greater at East Craigs than the
maximum at Clare. However, the populations differed in Rt
as a function of phys. At Clare, where physiological time
before budburst averaged 41% greater than at East Craigs,
the best-fit function had the same slope but was offset to the
right (Fig. 5, 3rd panel). This difference was significant
(F1,41 = 10.39, P = 0.0025 for effect of site). Examination
of this pattern and consideration of mechanisms by which
phys might influence R suggested adjusting phys for each
year relative to the site average (phys.adjt = physt -
average phys for site). With this adjustment, the difference
between sites disappeared (Fig. 5, lower), and a single
model provided a good fit to the aggregated data (r2 = 0.80;
all parameters significant at P \ 0.02; no apparent lack of
fit).
R ¼ 4:74 0:40ð Þ  1:28 0:11ð Þ  ln Nð Þ
 0:047 0:20ð Þ  coma þ 0:0045 0:0014ð Þ
 phys:adj ð3Þ
Overall, data from Clare and East Craigs provided
strong support for a model that included log-linear density
dependence (approximately instantaneous) and linear
negative associations with the number of chill periods
during winter and thermal sum during spring. There was
no relationship between the residuals of Eq. 3 and rain,
freez, or site. For the aggregated data set, no other
possible model involving any combination of the five
candidate parameters was as good as Eq. 3 by our model
selection criteria.
For the 78 years over which climatic data are available
for the northern United Kingdom, there has been generally
high interannual variance in both winter cold (coma) and
spring warmth (phys), but no apparent directional patterns
in either the variance or central tendencies (Fig. 6). There
was also no tendency across either time series of aphid
abundances for directional changes in the abundance of
aphids (East Craigs data in Fig. 4).
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Discussion
Analysis of population time series is a starting point in
diagnosing the underlying causes of patterns of abundance
(Berryman and Turchin 2001; Turchin 2003; Freckleton
et al. 2006). The green spruce aphid population data from a
forest examined here is the longest reliable run for this
species available for analysis and therefore most likely to
reveal the essential features of the aphid population in a
maritime climate. Whereas a number of detailed studies of
this aphid’s population dynamics have disclosed the range
and depth of processes operating to cause seasonal fluctu-
ations in numbers (Day et al. 2004, 2006), patterns
occurring across years, some of which result in heavy
defoliation of spruce, are less well understood (Day and
Crute 1990).
Aphids in the air and on trees: similar interannual
dynamics
Basing their findings on aerial aphid time series from RIS
suction traps, Saldana et al. (2007) and Westgarth-Smith
et al. (2007) suggested strong nonlinear effects on popula-
tion of climate indexed by the NAO, together with spatial
synchronization of these effects. RIS data also demonstrate
endogenous regulation through nonlinear feedback (Saldana
et al. 2007; Lima et al. 2008). Whereas these findings are
fully consistent with earlier work (Bejer-Peterson 1962;
Powell 1974; Powell and Parry 1976; Day and Crute 1990;
Day et al. 1998), the perennial question is whether aerial
aphids sampled by suction traps are a satisfactory proxy for
aphids developing on forest trees. Several factors militate
against the likelihood of this being so. Although the RIS
suction-trap data are of proven quality (Taylor 1986), the
aphid numbers provide only an index of abundance remote
from source on host plants and subject to the independent
effects of location and weather.
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Our analyses have gone some way toward resolving this
problem. The same general model (Eq. 3) is applicable to
both aerially sampled aphids (East Craigs) and aphids
sampled on host plants (Clare). This is impressive for the
high degree of fit to the field data, the simplicity of the
model, and the relative independence of the data sets,
which were not only derived from different regions but
were partially nonoverlapping in time.
Negative feedback
All models considered in this study, and supported by the
field data, provide convincing evidence for interannual log-
linear density dependence. In the most extensive data
analysis of insect population time series to date, Woiwod
and Hanski (1992) found abundant evidence of density
dependence in aphid populations. The origin of density
dependence in tree-dwelling aphids is most frequently
intraspecific competition, either affecting host or aphid
quality later in the plant growth season (Dixon and
Kindlmann 1998). In spruce aphids, there are a priori
reasons for expecting density dependence to be log-linear.
During the months following the June peak in aphid pop-
ulation, defoliation is approximately proportional to aphid
density (Straw and Green 2001). At low rates of needle
loss, aphids should be able to relocate to new needle
habitats, but this becomes progressively more difficult as
defoliation progresses. In years of exceptional defoliation,
most previous-years’ foliage, and consequently aphid
habitat, is lost, and the summer mortality of aphids is
disproportionately intense. There are several observed
changes in green spruce aphid survival, fecundity, and
migration dependent on population density during the
summer, which could account for negative feedback
(Fisher and Dixon 1986; Day et al. 2004) and possibly the
one-lag density dependence identified by Zhou et al. (1997)
in their selection of E. abietinum data from RIS suction-
trap sites. However, none of this density dependence
appears to be driven by changes in host-plant quality fol-
lowing defoliation (Williams et al. 2005), and it was
interesting that no signals for delayed density dependence
could be detected in our analysis.
Importance of different climate metrics
An important element in spruce aphid population dynamics
is weather, especially low temperature, which reduces
population growth in winter (Carter 1972; Powell and Parry
1976) or spring (Day and Crute 1990). A number of climate
metrics were considered in our study on theoretical
grounds. Some were eliminated because they were strongly
correlated with others, their inclusion could not be defen-
ded over a simpler model, or they could not consistently
explain variation in field data. Overall, the best model
included the negative effects of chilling bouts (coma)
during winter and the positive effects of thermal sum
during spring (phys).
The metric phys captures the aphid physiological time
available for growth and reproduction in early spring when
host nutritional status is most favorable. Cool spring
weather inhibits aphid development more than phenologi-
cal development of its host, resulting in a lower peak
population density (Day and Crute 1990). High tempera-
ture sensitivity of insect development relative to the
developing plant tissues on which they feed has also been
suggested for psyllids feeding on willow catkins (MacLean
1983) and caterpillars feeding on birch leaves (Ayres
1993). The metric coma was consistently favored in our
models to the eventual exclusion of freez (subzero tem-
peratures -7C); coma accounts for less extreme cold
events than does freez and is more applicable to the mar-
itime climate of Northern Ireland. Lima et al. (2008)
determined a clear geographical signature of climate on
aerially sampled aphids. They concluded that in northern
localities, spring temperature (:phys) was important,
whereas at southern localities, winter weather was a more
competent predictor of spruce aphid dynamics. We would
expect freez to attain even greater importance for spruce
aphid populations that experience much colder winters than
experienced in the UK (e.g., Scandinavia, Alaska). As a
corollary to this, climate change that results in more fre-
quent mild winters tends to minimize the significance of
freez. The historical trends in the key metrics coma and
phys, and more recent, records of aphid abundance in our
study, have not shown a signal of climate change. This
contrasts with Westgarth-Smith et al. (2007, Fig. 2), who
imply a 40-year upward trend in aphid abundance at Ro-
thamsted (Southern England), progressively earlier flight of
spruce aphid alates, and an associated trend in the NAO.
Some aphids are known to be affected by rainfall
(Miskimen 1970; Maelzer 1977; Dixon 1998), although
there is no direct evidence that the green spruce aphid
suffers mortality in unusually wet weather. Two excep-
tionally wet years in Northern Ireland also corresponded to
low aphid population growth in the Clare data, but a lack of
relationship with rain in the Scottish data eliminated this
from further consideration. In an analysis of aerial popu-
lations from Rothamsted, Westgarth-Smith et al. (2007)
reached a similar conclusion that the mechanism for con-
trol of E. abietinum population size was through temper-
ature rather than precipitation.
Generality of the interannual model
There are relatively few long-term population studies of
tree-dwelling aphids (Dixon 1990, 1998; Kidd 1990a–c;
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Kindlmann and Dixon 1996; Sequeira and Dixon 1997;
Dixon and Kindlmann 1998; Jarosˇı´k and Dixon 1999) from
which time-series models can be developed and tested
against independent data. This study has produced an
effective model for the green spruce aphid, from very few
variables, and applied it to spatially heterogeneous inde-
pendent data with some success. It has clear potential to
characterize such populations in maritime climates and
would be a valuable tool in demonstrating the effect of
climate change. In Ireland, for example, warming of
approximately 0.2C per decade is indicated (Sweeney and
Fealy 2002), which would reduce the frequency of chilling
bouts (coma) and increase spring thermal sum (phys), thus
elevating the equilibrium density around which aphid
populations fluctuate. More care, and data, will be required
to use the model outside its current geographic context, but
we are encouraged by the relatively low detail required and
the strength of predictions. Importantly, this investigation
has shown that the interannual population dynamics of the
green spruce aphid on foliage are reflected well by the
proxy data of aerially sampled aphids in the RIS.
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